The study compared the net decline of intramyocellular lipids (IMCL) during exercise (n ϭ 18) measured by biochemical assay (BIO) and Oil Red O (ORO) staining on biopsy samples from vastus lateralis muscle and by 1 H-MR spectroscopy (MRS) sampled in an 11 ϫ 11 ϫ 18-mm 3 voxel in the same muscle. IMCL was measured before and after a 2-h cycling bout (ϳ75% V O2 peak). ORO and MRS measurements showed substantial IMCL use during exercise of 31 Ϯ 12 and 47 Ϯ 6% of preexercise IMCL content. In contrast, use of BIO for IMCL determination did not reveal an exercise-induced breakdown of IMCL (2 Ϯ 9%, P ϭ 0.29) in young healthy males. Correlations between different measures of exercise-induced IMCL degradation were low. Coefficients were 0.48 for MRS vs. ORO (P ϭ 0.07) and were even lower for BIO vs. MRS (r ϭ 0.38, P ϭ 0.13) or ORO (r ϭ 0.08, P ϭ 0.78). This study demonstrates that different methods to measure IMCL in human muscles can result in different conclusions with regard to exercise-induced IMCL changes. MRS has the advantage that it is noninvasive, however, not fiber type specific and hampered by an at least 30-min delay in measurements after exercise completion and may overestimate IMCL use. BIO is the only quantitative method but is subject to variation when biopsies have different fiber type composition. However, BIO yields lower IMCL breakdown compared with ORO and MRS. ORO has the major advantage that it is fiber type specific, and it therefore provides information that is not available with the other methods. human muscle; exercise; nuclear magnetic resonance INTEREST IN METABOLISM of intramyocellular lipids (IMCL) has increased over recent years. The role of IMCL in the disruption of intracellular fat homeostasis, which can lead to insulin resistance (2, 33, 36), has become an issue of primary interest. Furthermore, the role of IMCL as a substrate in endurance exercise has been reevaluated (for reviews see Refs. 20, 40, 45) .
INTEREST IN METABOLISM of intramyocellular lipids (IMCL) has increased over recent years. The role of IMCL in the disruption of intracellular fat homeostasis, which can lead to insulin resistance (2, 33, 36) , has become an issue of primary interest. Furthermore, the role of IMCL as a substrate in endurance exercise has been reevaluated (for reviews see Refs. 20, 40, 45) .
Most studies that have looked at IMCL breakdown during exercise have applied chemical extraction methods (12) on muscle samples. Triacylglycerol concentration is then measured as the amount of glycerol released by the action of a saturating concentration of lipase in the reaction mixture. Oil Red O (ORO) staining of muscle cross sections, combined with immunofluorescence microscopy, has recently become a popular method to determine muscle fiber type-specific IMCL content (25) . This method allows for simultaneous visualization of IMCL and identification of muscle fiber type in muscle cross sections. 1 H magnetic resonance spectroscopy ( 1 H-MRS) offers a noninvasive approach to quantify IMCL (4). 1 H-MRS measures the resonances of methylene and methyl protons in triacylglycerols, which appear as multiple peaks on the proton spectrum of skeletal muscle tissue.
The majority of 1 H-MRS (19, 35) and ORO studies (5, 42) have reported IMCL depots to significantly contribute to energy provision during prolonged moderate-intensity exercise. However, controversy as to what extent IMCL contributes as an energy substrate during exercise persists because most (1, 15, 21, 23, 37) but not all (17, 29) studies that used biochemical analyses on muscle biopsy samples did not find net IMCL breakdown during exercise of 1-2 h duration in males. Thus, different methods of measurement seem to have resulted in different conclusions with regard to the magnitude of IMCL in fueling muscle contractions. However, to date, no studies have directly compared exercise-induced IMCL breakdown in humans by the three methods currently available. Therefore, we integrated IMCL measurements by 1 H-MRS and by biochemical assay in a previously published study (5) , wherein we addressed the effect of carbohydrate intake on fiber typespecific IMCL breakdown during prolonged submaximal exercise. Thus, exercise-induced IMCL breakdown could be compared between the methods.
METHODS
Nine healthy, physically active men (age 22.8 Ϯ 0.4 yr, body wt 74.0 Ϯ 2.3 kg) volunteered to participate in the study, which was set up to investigate the effects of exercise in the fasted state on IMCL breakdown. Partial results, including fiber type-specific IMCL data obtained via ORO staining, and detailed methodology of this study have been published elsewhere (5). The study protocol was approved by the local Ethics Committee (K.U.Leuven, Faculty of Medicine). Subjects gave their written, informed consent after they were informed in detail of all experimental procedures and risks possibly associated with the experiments.
Protocol. Briefly, the study was designed as a balanced and randomized cross-over study in which the nine subjects participated in two experimental sessions with a 3-wk period in between. In one experimental session, they performed a 2-h constant-load exercise test in the fasted state, whereas in the other condition they ingested carbohydrates before and during exercise (5) . However, for the single and specific purpose of this article, the data were analyzed independently of the experimental conditions, and the repeated measures in the same subjects were treated as independent observations (n ϭ 18). This strategy is justified by the fact that, as a rule, a valid method of measurement must specifically measure the variable of interest independently of the experimental condition. In addition, intraindividual variability for the two repeated measures per subject was enhanced by the dietary manipulation. Thus, if 1 H-NMR, biochemical assay, and ORO staining measure the same aspect of IMCL, then the three measurements should yield similar results for the 18 observations.
On the morning of the experiments, the subjects arrived at the laboratory after an 11-h overnight fast. First, a 1 H-MRS scan was performed. Two hours after arrival, a percutaneous needle biopsy sample was taken from the right vastus lateralis muscle under local anesthetic (2-3 ml of Lidocaine) through a 5-mm incision in the skin, and subjects immediately after started to cycle for 2 h (178 Ϯ 8 W, ϳ75% V O2 peak). At the end of the exercise bout, another muscle biopsy sample was taken. The muscle biopsy was taken through the same incision as the preexercise biopsy but with the needle pointing in another direction. Thereafter, they received 1 g/kg body wt maltodextrine to inhibit any further lipolysis, and a second 1 H-MRS scan was performed between 30 min and 1 h postexercise.
1 H-MRS. Image-guided, localized, single-voxel 1 H-MRS was performed in the left vastus lateralis. All measurements were performed on a 1.5-T whole body scanner (Sonata, Siemens, Erlangen) with a flexible surface coil wrapped around the upper leg with the leg placed in the parallel position. Care was taken that the positioning of the leg and coil were identical within (pre-and postexercise) and between the experimental conditions in the pre-and postexercise condition. Furthermore, by careful inspection of the images, care was taken to avoid visible vascular structures and adipose tissue within the voxel. To reproduce voxel position between measurements, the longitudinal distance from the voxel to the distal end of the medial femoral epicondyl was determined in a coronal image of the upper leg and used as a reference. Variability of the IMCL quantification was determined by measuring one subject five times. The subject left the scanning table between measurements, after which the coil was repositioned. The coefficient of variation was 7%, which is in accord with previously published reports on IMCL determination by 1 H-MRS (3, 43) . For imaging, T1-weighted coronal and axial images were acquired with an SE sequence (TR/TE ϭ 615/12 ms, 20 slices, 5-mm thickness, 1 average). For 1 H-MRS, use was made of a PRESS sequence with CHESS water suppression, and TR/TE ϭ 1,800 ms/30 ms, 192 acquisitions, acquisition time 5.8 min, voxel volume 11 ϫ 11 ϫ 18 mm 3 . The sequence was repeated without selective water suppression and eight acquisitions to use the water signal as an internal reference for lipid quantification. Proton spectroscopy signals were quantified in the time domain by use of the jMRUI software (MRUI Naressi et al. MAGMA 2001 http:// sermn02.uab.es/mrui/). Prior knowledge on the EMCL, IMCL, and phosphocreatine (PCr) peak parameters (frequency, line width, intensity ratios; Ref. 4) were introduced in the quantification algorithm. The intensity of the (CH2)n IMCL peak was quantified relative to the water peak intensity. No correction was applied for partial saturation of the proton magnetization.
Muscle biopsy handling. After being freed from any visible nonmuscle material, part of the muscle sample was immediately frozen in liquid nitrogen, and the remaining part was mounted in embedding medium (Tissue-Tek; Sakura FineTek, Zoeterwoude, The Netherlands) cooled in isopentane. All samples were stored at Ϫ80°C for later analysis.
Fiber typing and ORO staining. Detailed description of the ORO staining protocol and fiber type-specific results have been published previously (5) . Briefly, cryosections were fixed in paraformaldehyde for 10 min and subsequently washed three times with 0.5% BSA in PBS. Thereafter, a blocking step (NH4Cl) was performed, and slides were washed again. Sections were incubated overnight with two primary monoclonal antibodies against human myosin heavy chain (MHC) I and IIa (Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA) followed by a 1-h incubation with the appropriate conjugated antibody. After a washing with PBS, slides were immersed for 15 min in the ORO working solution and rinsed with deionized water. Coverslips were mounted with Fluorescent Mounting Medium (DakoCytomation, Carpinteria, CA). IMCL content was determined via immunohistochemical analysis. For the specific purpose of the present article, mixedmuscle IMCL content was calculated taking into account the proportional area occupied by each fiber type and the mean fiber type-specific IMCL content.
Biochemical analysis. Before biochemical analysis, ϳ50 mg wet wt of muscle tissue were freeze-dried and further dissected free of connective tissue, visible fat, and blood under a stereomicroscope and were then powdered and mixed. IMCL concentration was determined as described by Kiens and Richter (24) . Briefly, 400 l of tetraethylammonium hydroxide was added to 1-2 mg (dry wt) of muscle in a glass tube with a screw cap. After incubation overnight, 3 mM perchloric acid was added, and the samples were centrifuged at room temperature for 10 min at 3,000 g. The supernatant was neutralized with 2 mol KHCO 3/l, and the glycerol concentration was determined using a fluorometric assay (48) .
Statistical analysis. Experimental data were obtained in nine subjects who participated in two experimental conditions (fasted vs. carbohydrate fed). However, data on IMCL-ORO data for two measurements are lacking due to poor muscle biopsy quality (freezing artifacts), leading to a total of 16 observations. In addition, the amount of sample was insufficient for the biochemical determination of preexercise IMCL content in one subject (n ϭ 17). Furthermore, one value from mixed-muscle IMCL content as determined by 1 H-MRS (IMCL-MRS), which was statistically identified as an extreme value, was omitted (n ϭ 17).
All results are expressed as means Ϯ SE. Paired t-tests were used to evaluate exercise-induced IMCL breakdown. The strength of association between parameters was analyzed by Pearson product moment correlation analysis. A probability level (P) Յ 0.05 was considered statistically significant.
RESULTS
Mixed-muscle IMCL content. The effect of exercise on mean IMCL-MRS, biochemical assay (IMCL-BIO), and ORO staining (IMCL-ORO) is shown in Table 1 . Preexercise IMCL-ORO, expressed as the percentage of total fiber area covered by stained lipids, was ϳ15% and decreased to ϳ9% by the end of the 2-h exercise bout (P ϭ 0.005). This corresponds to a 31 Ϯ 12% net IMCL depletion. By analogy, 1 H-MRS showed a 47 Ϯ 6% exercise-induced relative IMCL degradation (P Ͻ 0.0001), which was not different from ORO. IMCL-BIO was ϳ33 mmol/kg dry wt before exercise and did not change significantly during exercise (P ϭ 0.29). Figure 1 shows that the exercise effect as well as the individual responses largely differed between the measurements. For instance, in measurement L, it was possible to measure an increased, decreased, or equal IMCL content following exercise whenever IMCL-BIO, IMCL-MRS, and IMCL-ORO, respectively, were applied. Fiber typing. Given the differential IMCL content between fiber types, fiber type distribution becomes an important determinant of mixed-muscle IMCL content. The proportional surface area of type I fibers in preexercise muscle biopsies was 53.8 Ϯ 2.7% vs. 43.7 Ϯ 2.4% for type IIa fibers. Pre-and postexercise type I proportional surface area measurements were not correlated at all (r ϭ 0.31, P ϭ 0.46) (Fig. 2) .
DISCUSSION
In this study, we compared three conventional methods, notably an enzymatic fluorometric assay (IMCL-BIO), a histochemical ORO staining assay (IMCL-ORO) on muscle biopsies, and 1 H-MRS (IMCL-MRS) to evaluate the effect of a 2-h moderate-intensity cycling bout (ϳ75% V O 2 peak ) on IMCL content in vastus lateralis muscle. The data shown provide clear evidence that identical experimental conditions can result in totally different conclusions with regard to IMCL utilization during exercise depending on the assay used. IMCL-MRS and IMCL-ORO measurements showed substantial contribution of IMCL breakdown to energy provision in endurance exercise. In contrast, on the basis of IMCL-BIO it is concluded that during this type and duration of exercise IMCL do not contribute significantly to the energy pool fueling muscle contractions in young healthy males.
The extent to which IMCL is degraded during exercise has been a controversial issue for quite some time (for reviews see Refs. 20, 34, 40, 41, 45) . Early isotope studies showed that not all of the fat oxidation during exercise could be accounted for by plasma free fatty acid oxidation (18) , leading to the suggestion that, besides circulating lipoproteins (14) , also lipids stored inside muscle cells as well as between muscle cells (21) could serve as a fuel during exercise. However, studies using biochemical assay showed that exercise did not decrease IMCL content in males (15, 21, 37) unless it was extremely prolonged and strenuous (13, 27) . More recent data generated by IMCL-ORO or IMCL-MRS showing substantial IMCL degradation during exercise have lead to a consensus that there is indeed net IMCL breakdown during endurance exercise (20) . However, the magnitude of its contribution to energy production is still in question. The present article, in fact, for the first time directly demonstrates that the methods used to quantify IMCL hydrolysis during exercise in healthy young males result in quite different conclusions as to what extent IMCL contributes to energy provision during exercise. The present study highlights the differential output from conventional methods to assay IMCL in human muscle during exercise. However, because of the absence of a well-validated reference measurement, it is difficult to select the method of choice. Still, a rational line of reasoning can be developed to balance one assay method against the other.
Based on available literature with regard to regulation of triglyceride breakdown and synthesis, it is probably reasonable to state that prolonged exercise does not provide a condition to facilitate net IMCL synthesis. IMCL concentration reflects a dynamic balance between IMCL synthesis and breakdown. During muscle contractions, the balance shifts toward IMCL breakdown due to inhibition of glycerol reesterification (9, 10) as well as stimulation of hormone-sensitive lipase activity in electrically stimulated rat muscle (6 -8, 27 ) and during exercise in humans (31, 32, 44) . Figure 1 shows that in IMCL-BIO and in IMCL-ORO, respectively six and four of the measurements yielded net IMCL synthesis during exercise, which is unlikely to reflect a true metabolic event, although it cannot be excluded that net IMCL synthesis takes place in the fibers that are not recruited during submaximal exercise. In contrast, with IMCL-MRS, IMCL was consistently lower at the end of exercise. It has been argued that failure to detect an exerciseinduced IMCL decrease by biochemical assay is caused by large (ϳ20 -25%) between-(47) and even within-(39) biopsy assay variability with regard to extramyocellular fat content, contamination with subdermal adipocytes, and/or fiber type distribution. In the current study, to minimize random variations in both fiber type composition and extramyocellular fat content, much care was taken to free all muscle material from any visible fat tissue, and measurements were performed on pooled muscle fibers from a large muscle sample (wet weight 51 Ϯ 7 mg). Careful visual inspection of ORO images also showed that, in the current sample of young lean males, the presence of extramyocellular fat was negligible. Accordingly, the fact that perilipin at the protein level (20) and adipsin at the mRNA level (26) are undetectable in dissected muscle fibers from young lean subjects also indicates the absence of a significant amount of either extracellular lipid droplets or adipocytes interspersing the muscle cells. The presence of a clear EMCL peak with MRS proves that EMCL is certainly present, but this signal does not indicate the presence of discrete adipose cells interspersed between muscle cells but could just as well be confined to larger fat streaks or contamination from subcutaneous fat. Despite the fact that needle biopsies were taken by a most experienced physician and through the same incision, variation of fiber type distribution between pre-and postexercise biopsies was substantial (see Fig. 2 ). Studies in young healthy subjects with IMCL-BIO or electron microscopy in pools of dissected human single muscle fibers or IMCL-ORO in combination with MHC immunofluorescence have shown that human type I fibers contain two-to threefold more IMCL than type II fibers (11, 28, 38, 42) . Moreover, using the present study protocol (5), we and others (42) already showed that the exercise-induced IMCL decrease is confined to type I fibers, which are highly activated during prolonged endurance exercise. In fact, in at least one of the present observations, exercise-induced increase in IMCL as measured by ORO can be easily explained by substantially higher fraction of type I fibers in the postexercise biopsy. Although fiber type analysis was not performed on the exact same biopsy material that was used for biochemical analysis, fiber type differences in the pre-and post-muscle biopsy likely also played a significant role for the IMCL content obtained with biochemical measurement. Therefore, a fiber-specific method is advantageous to use for evaluation of exerciseinduced IMCL breakdown, which leaves us with either ORO or biochemical assay on pools of dissected single muscle fibers. The latter method is extremely labor intensive and time consuming and therefore rather inappropriate as a routine laboratory method. We (5) previously reported that IMCL content in type I muscle fibers is on average about twofold higher than in type II fibers. Reinspection of the latter data for the purpose of this article (Fig. 3) shows that the higher IMCL content in type I vs. type II fibers was consistent for all measurements, which in fact supports the validity of the ORO method and is consistent with electron microscopy studies (38) and results from fluorometric assay on single muscle fiber pools (11) . The reproducibility of IMCL-ORO remains a point of concern. We (5) have previously reported a coefficient of variation of 14% in the current samples, which is better than IMCL-BIO, but still too high if one wants to detect small effects. However, some minor technical adaptations in the ORO procedure in our hands recently have cut down the variability of the procedure from ϳ14 to ϳ7% (De Bock et al., unpublished observations). Furthermore, it must be emphasized that ORO is a semiquantitative method, which by definition generates results with arbitrary units. Thus, values typically presented as "percent surface area covered with lipids" do not represent true muscle IMCL contents. Therefore, by analogy with other semiquantitative methods, it may be a better option to present ORO results as relative values relative to a reference value that is set equal to 1 or 100. Such a strategy would certainly facilitate comparison between studies.
The precise reason that IMCL-BIO does not show net IMCL degradation in males during exercise is at present unclear but fiber type variation in pre-and postexercise biopsies likely plays a significant role as discussed above. However, the lack of decrease in IMCL-BIO may indicate that the true breakdown of IMCL may be smaller than that found with the other two methods. Certainly, IMCL-BIO has previously been able to demonstrate high-fat diet-induced increments in IMCL (22, 37) , IMCL changes occurring during recovery after exercise (23) , and exercise-induced IMCL breakdown in women (30, 31, 39) .
A high correlation (r ϭ 0.93) between electron morphometric (EM) IMCL data and IMCL-MRS, but not between IMCL-BIO and IMCL-MRS or EM, has previously been shown (16) . Unfortunately, no ORO experiments were included in the latter study, and measurements were performed on a very heterogeneous sample of subjects, which probably has facilitated higher correlation coefficients. van Loon et al. (43) found a correlation of 0.6 between ORO and MRS, which is in close agreement with the present study (r ϭ 0.52, P ϭ 0.002). However, because the two methods are in fact supposed to measure the same parameter, such a correlation can be termed poor. Despite possible differences in fiber type composition (see paragraph above) between sites of biopsy sampling and placing of the voxel for MRS measurements, this is probably at least partly due to the use of a small sample of a selected population of lean, well-trained subjects, resulting in a narrow range of IMCL contents. Furthermore, muscle biopsies were taken immediately postexercise, whereas a considerable delay occurred between the termination of exercise and the actual 5-min MRS acquisition window. In fact, immediate postexercise measurement of IMCL is not possible, because reproducible positioning of the subject in the magnet plus reproducible anatomic localization of the voxel followed by tuning of the signal (suppression of the water signal), takes ϳ30 -35 min. We have previously demonstrated (5, 23) that, despite the high rate of carbohydrate intake to blunt IMCL hydrolysis by virtue of inhibition of hormone-sensitive lipase (46) , substantial net IMCL degradation can occur during the early recovery period after an endurance exercise bout. This may explain the presence of net IMCL degradation in all subjects as measured by 1 H-MRS, whereas with ORO, 3 of 16 subjects still exhibited a small increase in IMCL after exercise. Such a mechanism is also compatible with the finding that the IMCL-ORO and IMCL-MRS values were more closely correlated before (r ϭ 0.46, P ϭ 0.09) than after exercise (r ϭ 0.27, P ϭ 0.33). Thus, the time delay between the end of exercise and the MRS acquisition must be as short as possible. Furthermore, it must also be noted that reliable measurement of IMCL with MRS in vastus lateralis muscle is possible almost exclusively in lean subjects, in whom peaks of IMCL and EMCL in the acquired spectrum can be clearly isolated. For this reason, preexperimental screening eliminated several subjects from further participation in the study because of inability to separate IMCL and EMCL peaks. Such a procedure for selection of subjects obviously may introduce a bias in any study using MRS spectroscopy to assess IMCL content. Along this issue, a pilot experiment in a female subject with normal body fat resulted in complete fusion of the MRS IMCL and EMCL peaks sampled in vastus lateralis muscle.
In summary, this study clearly demonstrates that different assay methods to measure IMCL in muscles from young healthy males can result in totally different data on ICML utilization during exercise. In fact, none of the available methods is tightly validated, which means that any conclusion with regard to the quantity of IMCL used during exercise must be taken with care. MRS has the advantage of being noninvasive, but it is not fiber type specific and is hampered by at least a 30-min delay in measurements after exercise completion. Furthermore, in individuals with high extramyocellular fat content, determination of IMCL content is difficult. The biochemical method is the only quantitative method but is subject to large variation when pre-and postexercise biopsies have different fiber type composition. ORO has the advantage of allowing a fiber type-specific though semiquantitative analysis of muscle IMCL content. Therefore, balancing the limitations of the available assays against each other, it would probably be premature at present to recommend one method as the "standard." However, because ORO is fiber type specific, it provides information that is not available with the other methods.
